Iron, chromium and aluminum particles sputtered under 5 keV by Kr + ion bombardment at normal incidence from the ternary alloy Fe82Cr6Al12 was simulated. The Stopping and Range of Ions in Matter (SRIM) software combined to a new code-program, called Angulaire, were used to obtain the sputtering yields and angular distributions of the ejected species. The simulation was performed for a large number of incident ions (about 2 × 10 5 ions) and the number of particles emitted in the solid angle corresponding to the probe was counted by a computer. The angular distributions of sputtered particles were compared with the results available in the literature and showed a reasonable agreement. Furthermore, we have demonstrated that the angular distribution of the differential sputtering yields of all ejected species (iron, aluminum, and chromium) from the ternary alloy exhibited an over-cosine tendency.
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Introduction
It is known that many different mechanisms cause damages on the surface of solid matter, such as sputtering, blistering, and embrittlement. Sputtering is one of the occurring phenomena resulting from energetic ion beam and solid mater interactions. Sputtering of solid material induced by ions beam implies systematically ejection of particles when the energy of the beam exceeds the cohesive energy of the target. In addition, it is demonstrated that the major part of the ejected particles are neutral atoms in their ground state [1] . The angular distribution study of sputtered species from target components provides information about analytical models of sputtering phenomena, surface topography, target structure, and preferentially ejected particles [1, 2] . To our knowledge, the first investigations concerning the angular distributions are reported by Olson and Wehner [3] and Olson et al. [4] who revealed that the angular distributions of sputtered particles from binary alloys (Ag-Au, Cu-Ni, and Fe-Ni) have a dependence of sputtered flux composition on emission direction. Thus, after these pioneering works, numerous theoretical and experimental results under a wide variety of bombardment conditions were carried out on binary alloys in order to * corresponding author; e-mail: m.aitelfqih@gmail.com understand the angular spectra of sputtered atoms, ions, and molecules [5 ,6] . We would note here that, contrary to the binary alloys which are sufficiently studied theoretically and experimentally by several authors [7, 8] , the available works in the literature on ternary alloys are scarce despite their wide use in different fields.
Besides, it is known that ternary alloys formed by iron, chromium, and aluminum have good oxidation and corrosion resistance at elevated temperatures due to their tendency to form a protective α-alumina layer, which are known to block the oxidation and corrosion processes [9, 10] . Furthermore, it is obvious that the amounts of chromium and aluminum needed in these materials to produce protective oxides at high oxygen pressures can be different from that needed at low oxygen partial pressures. Therefore, in the last decades, several researchers invested both theoretical and experimental effort to understand the behavior of these ternary alloys and the mechanisms that govern their properties [9] [10] [11] .
The purpose of this work consists in a simulation study of the angular distribution of sputtered atoms of Fe, Cr, and Al from an iron-chromium-aluminum (Fe 82 Cr 6 Al 12 in atomic percent) amorphous ternary alloy under 5 keV Kr + beam bombardment at normal incidence. A new code-program, called Angulaire, was recently developed and then used for a refined treatment of the raw data obtained from the SRIM software. Note that the latter has already been tested by comparing it with the known OKSANA software [12] and with experimental results conducted by our team on Be at normal incidence [13] and on Cu 98 Be 2 at different incidence angles [6] . In addition, an attempt to predict a semi-empirical law of the angular distribution of the sputtered particles is successfully achieved.
Simulation

SRIM-software
The SRIM software is a group of programs [14] that can predict how ions penetrate into an amorphous target and also the nuclear and electronic stopping power of these ions in the collisions cascade [15] . These collisions take into account the ion-atom interactions and are completed by a statistical algorithm of the Monte Carlo-type. The SRIM software provides information including the total sputtering yield as well as ion implantation into the target. One of the main approximations known in this software consists in the surface of the target which becomes smooth again after each ion impact. The simulations of the sputtered particles by 5 keV Kr + ion bombardment of an iron-chromium-aluminum alloy were carried out with the SRIM software. For a large number of incident ions (about 2 × 10 5 Kr + atoms), the ratios of Fe, Cr, and Al atoms emitted in the solid angle corresponding to each probe were counted. The SRIM software requires the introduction of several parameters; the cinematic conditions considered are that usually used in various experiments [16, 17] . The three remaining parameters are phenomenological ones, i.e. the energy barrier that the atom should overcome to be able to leave its site in the surface, the displacement energy corresponding to the atom movement (kinetic energy) and finally the surface energy barrier that the ejected atom should also overcome to be released. Once the calculation by the SRIM software is finished, a file containing all the raw results of the angular distributions in the form of cosine direction is automatically generated and saved. In the calculation, we do not take in the account the specific neighborhood of particles subjected to collisions.
Code-program Angulaire
The raw data obtained from the SRIM software are then processed by a new developed code-program, called Angulaire. Indeed, SRIM gives information only on the velocity of ejected particles and not on their numbers. Hence, an analytical treatment is undertaken through a mathematical formalism, via Angulaire, to find the sputtered particles. Besides, the cylindrical foil is subdivided in regular little squares forming a grid facilitating in this way the localization of the footprints of the sputtered particles. This program displays the image of the atoms ejected and deposited at the cylinder collector (the Mylar foil), and the spatial positions of the sputtered atoms on the grid; subsequently for each impact the numbers and type of atoms are written to an output file. The main introduced parameters are: the atomic number and the surface energy for each atom, the ratio of the radius of the cylinder collector on the side of the small square obtained from the subdivision of the simulated collector in its planar form (for more details see Fig. 2 in Ref. [6] ), the number of columns (cutting lines) and finally the origin position (x = 0, y = 0) where the normal to the target crosses the collector (collector foil in a cylinder form).
Mathematical formalism
First of all, we introduce the grid cylinder in a suitable position surrounding the target. The cylinder axis is parallel to the surface of the target and normal to the plane of incidence. The geometry of the model is sketched in Fig. 1 , where the different directions and angles are mentioned. We designate cos x as the ejection direction along the x-axis such as that unit vector u = v/v, where v is the velocity of the ejected particles and v 0 the (initial) ejection velocity when the particles leave the surface. It is the velocity of ejected particles changed on their way from target to collector, i.e. gas phase scattering is included in the system. The main physical quantity, here, is the direction of the velocity, v, during the ejection of the particle. The velocity of the ejected particles in the frontier of the target in the z-direction is then given
c is the initial kinetic energy of the ejected particle, m -its mass and u 0 z indicates its direction, designed cos(θ) in the SRIM-software (see Fig. 2 ). Taking into account the surface energy E s that the ejected particle should overcome, the quantity v
and then
The components of the velocity can also be written as
Using the cylindrical coordinates (r, µ, z), an elementary solid angle dΩ centered around a point M (see Fig. 1 ) can be written as
Note that the square side in the cylindrical (Mylar) foil is called b and the arc delimited by the square in the z-direction depends on the angle µ. We denote by z 0 the value of z at the center of the square, and by µ 0 = 0 the value of µ at the center. The variation domain of the angle µ is then [−b/(2r), +b/(2r)] and for z is:
. The solid angle Ω under which we see the square from point O can be written as
Furthermore, introducing the variable ζ = z/r we obtain:
With the given numerical values of cylindrical collector radius r = 20.5 mm and the square of deposited particles b = 5 mm, characterizing the cylinder considered, we obtain
Finally, to express Ω as a function of the emission angle θ defined between the axes Ox and OM 0 , where M 0 is the center of the square considered, we use the relation ζ 0 = tan θ. Fig. 2a-c , the full stars indicate the results of the simulated distributions, and the empty stars are those determined using the cosine fitting function:
Results and discussion
∂Ω ∝ cos n θ, where Y is sputtering yield, and the exponent n indicates the fit parameter. In the three cases considered, here, the yield is most important at lower angles and very small at the normal direction of emission as expected. Concerning the case where the ejected particles are iron (Fig. 2a) , we note that the yield changes slightly from the emission angle 0
• to 15
• , and then its value becomes very sensitive to the emission angle, θ, beyond this angular range. In addition, the results obtained for the sputtering yield of each ejected species (iron, chromium, and aluminum) and the found values for the fit parameter n are given in Table I , where the corresponding highest ejection energy E max is reported, too. Let us notice, first, that the yield has the most important value in the case of iron despite the greater value of the surface energy hampering the ejection of the particles. This can be explained easily by the abundance of the Fe (82% in atomic percent) in the ternary alloy used. Besides, the sputtering and the angular distribution of steel 316L irradiated by 4 keV helium ions were investigated by Emmoth et al. [18] . The sputtering yield determined experimentally for normal incidence was about 0.16 ± 0.03 atoms per incident ion. It is well known that, in this case, sputtering in the regime of linear cascades is not implemented. In our study, the simulated sputtering yields for He was 0.12 atoms per incident ion in accordance with that reported by Emmoth et al. [18] . The little discrepancy can be explained mainly by the surface roughness -facilitating the ejection of particles -which is not taken into account in the present simulation. In fact, it is well known that under ion beam bombardment leading to sputtering, the scanning electron micrographs of the irradiated samples revealed various modifications in the surfaces such as craters of typical size 10 µm with intertwined ripples [19, 20] . Furthermore, all the distribution curves exhibited an over-cosine tendency, with a fit parameter n = 1.6 for aluminum (Fig. 2c) and n = 1.2 for both iron and chromium ( Fig. 2a and b, respectively) . Emmoth et al. reported that the angular distribution was found to be wider than a cosine with n = 0.7 [18] . In another work on Al-Sn alloy (50% in wt%) under 27 keV Ar + bombardment at normal incidence, Wang et al. reported that n = 1.22 for the angular distribution of Sn atoms and n = 1.07 for that of the Al atoms [21] . It is important, here, to remind that the cascade linear-collision theory demands a cosine-type angular distribution, assuming a smooth and planar surface. However, previous experimental observations and computer simulations have established that over-cosine distribution is a rather general feature in the cascade regime [22, 23] . In the present simulation, we also observed an over-cosine angular distribution from the surface in the collision cascade region. The cause of these over-cosine distributions can be explained either by a surface-induced anisotropy in the recoil flux below the surface or by an anisotropic surface scattering recoil flux [6] . The statements on under and over cosine distributions can also be explained by simple geometrical considerations: for low ion energy (or mass, as for He) the collision cascade is shallow, i.e. close to the surface, and lateral ejection is likely, while for high ion energies, energy is mostly dissipated far below the surface, and only particles traveling on trajectories close to the surface (smallest distance from center of energy dissipation to surface) are ejected, hence the over-cosine distribution.
Conclusion
As concluding remarks, we have developed a codeprogram called Angulaire, combined with the SRIM software to describe the behavior of the sputtered particles under ion beam bombardment. Angular distributions of sputtered iron, chromium, and aluminum particles from an iron-chromium-aluminum ternary alloy (Fe 82 Cr 6 Al 12 ) were studied by computer simulation for the case of 5 keV krypton ions with the incidence direction of the ions along the normal to the sample surface. From the simulation using the new software, we have shown that the angular distribution exhibited an overcosine tendency.
